Introduction
Stress, broadly defined, is the state when cells deviate from the status quo due to sudden environmental changes or frequent fluctuations in environmental factors. Such changes can damage existing macromolecules, including proteins, mRNAs, DNA, and lipids, that need to be replenished; if the damage is not dealt with, metabolic imbalance can be incurred and redox potentials altered (Kultz, 2005) . Depending on the severity and duration of stress encountered, cells either reestablish cellular homeostasis to the former state or adopt an altered state in the new environment. Such stress responses are mediated via multiple mechanisms (Kultz, 2005) , such as induction of molecular chaperones (Buchberger et al., 2010; Richter et al., 2010) , rapid clearance of damaged macromolecules (Kroemer et al., 2010) , growth arrest, activation of certain gene expression programs (Spriggs et al., 2010) , and, when cells can no longer cope with excessive damage, cell death. In this review, we will examine how microRNAs (miRNAs) are well positioned to help restore homeostasis upon sudden environmental changes, or, in the long run, enforce a new gene expression program so cells can tolerate the new environment. We will explore how stress alters the transcription, processing, and turnover of miRNAs; the expression of mRNA targets; and the activities of miRNA-protein complexes. To conclude, we will consider the possible roles of miRNA-mediated stress responses in the context of diseases and potential therapeutic avenues.
What are MicroRNAs?
As the name implies, miRNAs are short RNAs of 22 nucleotides that modulate the stability and/or translational potential of their mRNA targets ( Figure 1A ) (Bushati and Cohen, 2007; Carthew and Sontheimer, 2009; Fabian et al., 2010) . Over 60% of all mammalian mRNAs are predicted targets of miRNAs (Friedman et al., 2009) , and miRNAs constitute a sizable class of regulators (e.g., R950 different miRNAs in humans according to the miRBase release 15 in April 2010; http://www.mirbase.org/), even outnumbering kinases and phosphatases, indicating their pervasive roles in regulation of cellular processes.
In particular, multiple lines of genetic evidence indicate that miRNAs play key roles in mediating stress responses (reviewed in Leung and Sharp, 2007) . Perhaps somewhat surprisingly, systematic inactivation of individual miRNA in flies and worms has revealed that many miRNAs are dispensable for development or viability under standard laboratory conditions (Bushati and Cohen, 2007; Leaman et al., 2005; Miska et al., 2007) . However, this is not the case when some of these animals are subjected to changing environments. For example, miR-7 knockout flies no longer develop their eyes properly when subjected to alternating temperatures ), miR-14 mutant flies are sensitive to high salinity (Xu et al., 2003) , mice deficient in miR-208 cannot cope with cardiac overload (van Rooij et al., 2007) , and inactivation of miR-8 renders zebrafish incapable of responding to osmotic stress (Flynt et al., 2009 ). Thus, miRNA mutants could appear apparently normal but exhibit phenotypic crisis in stress conditions.
MicroRNAs and Stress
Emerging data suggest that stress conditions can alter the biogenesis of miRNAs, the expression of mRNA targets, and the activities of miRNA-protein complexes. In the sections that follow, we first explore eight specific examples in the literature regarding the multiple roles of miRNAs in stress responses. Then we discuss how stress regulates miRNA activities and how cells mediate stress responses through miRNAs. Genome Guardian p53 Regulates miRNA Biogenesis upon DNA Damage As numerous steps are required to produce mature miRNAs, this sequence of events offers various ''tuning knobs'' to precisely adjust the level of mature miRNAs ( Figure 1A ). One player that senses environmental stress and modulates the level of miRNAs is p53, a tumor suppressor that is commonly activated upon DNA damage.
p53 regulates the expression of specific miRNAs at two different levels-transcription and processing ( Figure 1B) . Upon DNA damage, p53 induces the transcription of the primary transcripts that encompass miR-34a, miR-34b, and miR-34c from distinct genomic loci. In turn, these miRNAs together repress a number of shared target genes to promote growth arrest and apoptosis (reviewed in Hermeking, 2007) . In addition, p53 enhances the processing of a restricted population of primiRNAs in cancer cells by associating with DDX5, a cofactor of Drosha (Suzuki et al., 2009) . Overexpression of each of these miRNAs (miR-16, miR-103, miR-143, miR-145, miR-26a, and miR-206) decreases the rate of cell proliferation. Interestingly, most p53 mutations found in cancers are located in a domain that is required for both the miRNA processing function and transcriptional activity (Junttila and Evan, 2009; Suzuki et al., 2009 ). Thus, a loss of p53 function in transcription and processing of specific miRNAs might contribute to tumor progression.
On the other hand, to ensure a robust DNA damage response, the expression level of p53 must be tightly regulated, and this is partly mediated by the ubiquitin-mediated degradation of p53 (Junttila and Evan, 2009) . To further keep its default expression level low, p53 is also regulated by a miRNA, miR-125b, in humans and zebrafish (Le et al., 2009 ). Such repression is relieved upon DNA damage by a decrease in miR-125b levels through an unknown mechanism. Therefore, during DNA damage, a relief in miR-125b-mediated repression of p53 is coupled with the activation of p53 through a cascade of kinases (Junttila and Evan, 2009) , eventually resulting in upregulation of genes including miRNAs that promote cell-cycle arrest and apoptosis ( Figure 1B ). In effect, the default repression of p53 by miR-125b raises the threshold required for p53 activation, providing another layer of safeguard before the DNA damage response can be triggered. Stress-Induced Target Expression Overcomes miRNA-Defined Threshold Apart from the cellular concentration of miRNAs, the level of target gene repression is also dependent on the concentration of mRNA targets relative to the miRNA (e.g., Doench et al., 2003) . This is illustrated in the case of two extracellular ligands, MICA and MICB, which are induced by stresses like heat shock, oxidative stress, viral infection, and DNA damage (Stern-Ginossar et al., 2008) . These ligands are recognized by an immune activating receptor, NKG2D, which is expressed on natural killer cells and T cells to allow recognition and elimination of tumor and virus-infected cells. In normal cells, the translation of mRNAs encoding these ligands is inhibited by miR-20a, miR-93, or A B Figure 1 . Biogenesis of Mature miRNAs Can Be Regulated at Multiple Levels (A) miRNAs are first transcribed as primary transcripts (pri-miRNA), which fold into hairpin structures and are subsequently processed-first by Drosha in the nucleus and then by Dicer in the cytoplasm. These processing steps result in an 22 nucleotide duplex in which one strand, the mature miRNA, binds to the core protein Argonaute and associated protein factors to form the final effector complex. The activity of the effector complexes is determined by the half-lives of the miRNAs, the protein composition of the effector complexes, and the posttranslational modifications of the individual components. TF, transcription factor; Pol II, RNA polymerase II. (B) Upon DNA damage, transcription, processing, and stability of specific miRNAs are modulated, resulting in a p53-mediated gene expression program that promotes cell-growth arrest and apoptosis.
miR-106b. However, upon stress, while the levels of these miRNAs remain unchanged, the transcription of MICA and MICB mRNAs is substantially upregulated and significant protein levels are now detected. This result suggests that the increase in mRNA level presumably exceeds the quantity that can be ''titrated'' by the cellular miRNAs, resulting in the expression of MICA and MICB proteins (Stern-Ginossar et al., 2008) . In effect, the relative levels of miRNAs and mRNA targets determine how much target protein is produced under normal conditions, thus providing a threshold. During stress, the high level of mRNAs encoding the ligands exceeds the threshold and contributes to an innate immune state ( Figure 2A ).
Relief of miRNA Repression by Target Mimicry
The level of miRNA-mediated repression depends not only on the ratio of a particular mRNA target relative to miRNA, but also on the amount of other mRNAs present in the transcriptome that are targeted by the same miRNA. Plant cells exploit this property to adapt to the amount of inorganic phosphate present in the environment (Franco-Zorrilla et al., 2007) . Upon phosphate deprivation, plants remobilize phosphate from old leaves to new leaves by repressing a negative regulator of this process, PHO2, through transcriptional induction of miR-399. As expected, the level of PHO2 expression decreases as miR-399 accumulates and binds to the PHO2 mRNA; however, such reduction halts after 6 days, even though the level of miR-399 continues to rise. Franco-Zorrilla and colleagues discovered that the halt in miR-399-mediated repression of PHO2 is due to the induction, starting on day 6, of a conserved family of noncoding RNA species known as Mt4-TPS1 that harbors a miR-399 binding site. This binding site competes with PHO2 transcripts for the binding to miR-399. Therefore, overexpression of a target mimic is another means that cells can exploit to modulate the degree of miRNA-mediated repression during stress ( Figure 2B ). Similar phenomenon of target mimicry was also observed in animal cells (reviewed in Ebert and Sharp, 2010) . Overexpression of artificially designed transcript decoys (termed ''sponges'') has been shown to successfully ''soak up'' specific miRNAs in mammalian cell culture and in animals, resulting in derepression of endogenous targets (Ebert et al., 2007; Krol et al., 2010) . As illustrated earlier, heat shock or viral infection induces the expression of MICA/MICB transcripts to such an extent that the existing level of miR-20a, miR-93, or miR-106b can no longer inhibit their translation (Stern-Ginossar et al., 2008) , suggesting that these miRNAs are fully occupied. It will, therefore, be of interest to examine whether there is an increase in expression of other mRNAs that are targeted by the same miRNAs under these conditions. RNA-Mediated Association between miRNA-Protein Complexes and Specific RNA-Binding Proteins Determines miRNA Activity during Stress Besides the relative concentration of miRNAs and mRNA targets, the functional outcome of a miRNA depends on the properties of other RNA-binding proteins that bind nearby to miRNA-protein complexes on the same mRNA target (reviewed in Leung and Sharp, 2007) . For example, a cationic amino acid transporter (CAT-1) mRNA is normally translationally repressed by miR-122, but the repression is relieved during amino acid starvation (Bhattacharyya et al., 2006) . Such relief of repression requires an AU-rich element-binding protein (ARE-BP), HuR. Similarly, another ARE-BP, FXR1, mediates the switch for miR-369-3 from being a translational repressor to an activator for the expression of TNFa transcripts in quiescent cells upon serum starvation (Vasudevan et al., 2007) . However, the molecular mechanisms by which these ARE-BPs alter the miRNA activity are unclear. Given that the local AU content around miRNA binding site is relatively high (Bartel, 2009) and that AU-rich elements are enriched near miRNA binding sites (Jacobsen et al., 2010) , there might be more examples to be discovered for ARE-BPs in modulating miRNA activities.
Apart from these ARE-BPs, other RNA-binding proteins have been shown to modulate the activity of miRNA-protein complexes. Dnd1 inhibits miRNA access to target mRNAs (Kedde et al., 2007) , whereas nhl-2/CGH-1 complexes enhance miRNA-mediated repression (Hammell et al., 2009 ). In some cases, an RNA-binding protein can have contrasting effects on miRNA activities depending on the sequence context. For example, binding of HuR adjacent to a binding site for the miRNA let-7 can relieve the repression of one mRNA target (CAT-1) (Bhattacharyya et al., 2006) but reduce the mRNA and translation of another (c-myc) . It remains to be determined whether this discrepancy is due to differences in secondary structure and, hence, local conformation in the miRNA recognition site, or a change in activities of these RNA binding proteins during different cellular states. The protein output of an mRNA target is dependent on (A) the level of mRNA targets relative to the amount of miRNAs as well as (B) the level of mRNA targets relative to other mRNAs targeted by the same miRNA.
(A) Translation of mRNA targets is generally suppressed by a constant level of miRNAs. However, when a particular mRNA target expression level exceeds the quantity of mRNA targets that can be titrated by the amount of miRNAs, translation of mRNA targets accelerates. (B) Translation of mRNA targets decreases along with the increase in miRNAs over time. Such decrease in translation halts as a result of the expression of target mimics, which compete with mRNA targets for the same miRNA.
mRNA targets, and Argonaute proteins are found diffuse in the cytoplasm, with 1% of Argonaute localized in cytoplasmic structures called P bodies that are enriched with RNA degradation factors such as the decapping enzyme and other proteins related to the miRNA pathway, including GW182 and p54/rck/ CGH-1. Upon multiple types of stresses, a subpopulation of miRNAs, mRNA targets, Argonaute and miRNA-protein complex components p54/rck/CGH-1, but not GW182, become enriched in another cytoplasmic structure called stress granules (SGs) (Leung et al., 2006) . The formation of these granules can be triggered by the phosphorylation of eIF2a, which is governed by five stress-sensing kinases (Anderson and Kedersha, 2008) : (1) PKR responds to viral infection, heat, and UV irradiation; (2) PERK senses ER stress; (3) GCN2 is activated by amino acid deprivation; (4) HRI senses oxidative stress; and (5) Z-DNA kinases are involved in antiviral responses. SGs are enriched with many RNA regulators, such as FXR1, HuR, and p54/rck/CGH-1 (Anderson and Kedersha, 2008) , which, as described earlier, can modulate miRNA activity. It remains to be determined whether some of the changes in miRNA-mediated repression upon stress could be due to the local concentration of these RNA-binding proteins or other factors within these granules, and/or due to the exclusion of some components that are usually required for miRNA-mediated repression, such as GW182. miRNAs Upregulated by NF-kB during Inflammation Downregulate the Proinflammatory Signaling Cascade In some cases, a miRNA can act as a timer of the stress response. Timing becomes particularly important in the case of acute stress responses such as those during inflammation. In response to inflammation, NF-kB upregulates the transcription of miR-9, miR-155, and miR-146 along with other inflammatory-responsive genes through a signaling cascade in macrophages (O'Connell et al., 2010) . Like other immediate earlyresponse genes, the expression of these primary miRNA transcripts peaks within 2 hr. However, the mature miRNAs take time to accumulate and peak at a much later time (e.g., miR-155 at 24 hr) (O'Connell et al., 2007) . Given that repression mediated by miRNAs would not be effective until the concentration of mature miRNAs reach a certain level in cells (Calabrese, 2008) , this would create a delay between the emerging presence of mature miRNAs and the beginning of target repression. Interestingly, some of the mRNA targets of miR-9, miR-155, and miR-146 are themselves proinflammatory signaling molecules (e.g., NF-kB) that upregulate these miRNAs. Thus, these signaling molecules would only be expressed in a defined period of time before the increasing level of mature miRNAs switches off their expression. In effect, miRNAs activated by NF-kB reset the proinflammatory signaling pathway after activation (Figure 3A) . Such temporal-controlled expression allows macrophages to elicit a strong inflammatory attack to pathogens while minimizing the duration to inflict unwanted damages to the host. miRNAs Enforce a New Gene Expression Program upon Inflammation Even though the effect of miRNA-mediated repression is, in general, quantitatively modest (2-fold) (Baek et al., 2008; Lim et al., 2005; Selbach et al., 2008) , the signal can be amplified by a positive feedback loop during stress. This was recently demonstrated in a study by Iliopoulos and colleagues, in which they show that interleukin-6 (IL-6), commonly involved in inflammation, can mediate an epigenetic switch through let-7 to transform breast cells into stem cell-like cancer cells by means of a positive feedback loop (Iliopoulos et al., 2009 ). This feedback loop links the level of IL-6 with the expression of let-7 by indirectly activating LIN-28, a negative regulator of let-7 through the transcription factor NF-kB ( Figure 3B ). Remarkably, a single dose of IL-6 exposure for only 1 hr results in long-lasting cellular responses for many generations (>10 doublings) without requiring additional signal induction. In this case, the signal is amplified by the positive feedback loop and spreads to other cells through paracrine and autocrine signaling by the secreted IL6. miRNAs Ensure Robust Eye Development in Flies upon Temperature Fluctuations miR-7 mutant flies are apparently normal in standard laboratory conditions, but their eyes cannot develop properly when grown in an environment that constantly fluctuates in temperature . This is partly because miR-7 normally stabilizes the developmental transition thanks to its strategic location within both a reciprocal negative feedback loop and a coherent feed-forward loop ( Figure 3C ). The reciprocal negative feedback loop involves miR-7 and the transcription factor Yan, where Yan represses the transcription of miR-7 in progenitor cells and miR-7 represses Yan posttranscriptionally in terminally differentiated cells. Since a negative feedback loop has the tendency to toggle between two states, the robustness of the switch from progenitor to terminally differentiated states can be instilled by coupling with an upstream feed-forward loop ( Figure 3C ). During development, the homeostasis of progenitor cells is broken by a transient induction of the epidermal growth factor (EGF) signaling cascade. EGF signaling upregulates the transcription factor PNTP1, which, in turn, induces the transcription of miR-7. In this case, both miR-7 posttranscriptionally and PNTP1 transcriptionally repress a common target, Yan. This resultant coherent feed-forward loop, in which PNTP1 regulates miR-7 and both negatively regulate Yan, creates stability in Yan repression against fluctuations in the level of PNTP1 and miR-7. As the signaling persists and photoreceptor cells terminally differentiate, miR-7 levels accumulate above a certain threshold. The accumulated high level of miR-7 and the maintenance of the feed-forward loop in differentiated cells therefore persistently repress Yan expression, ensuring that the change in cell fate will not be spontaneously reverted.
Stress Responses: Restore or Reprogram Gene
Expression by miRNAs miRNAs and their targets are often connected within a gene expression network: (1) multiple targets are linked together through common regulation by individual miRNAs; (2) transcription factors regulate the expression of miRNAs; and (3) many transcription factors themselves are subject to extensive miRNA regulation (Shalgi et al., 2007) . Depending on where a miRNA is embedded within the gene circuitry, it can either act as a restorer to homeostasis or as an enforcer of a new gene expression program during stress. If the miRNA is embedded in a negative feedback loop, it allows the cells to resume their original target expression patterns despite external triggers ( Figure 3A) . On the other hand, if the miRNA is embedded in a positive feedback loop ( Figure 3B ) or double-negative feedback loop ( Figure 3C ), it becomes part of a bistable switch to enforce a new gene expression pattern. Therefore, the involvement of miRNAs in negative or positive feedback loops commits cells either to stay on course or to change for good, respectively, in adapting to new environments.
Moreover, miRNAs are ideal for buffering transcript surges during stress. At the single-cell level, transcription in eukaryotic cells often occurs in a burst-like manner (reviewed in Raj and van Oudenaarden, 2008) particularly essential in times of duress when transcriptional bursting can become more frequent (e.g., Cai et al., 2008) . miRNAs can ensure a steady level of gene expression unless the stress signal is sustained long enough to increase the amount of transcripts over a certain threshold, as in the case of MICA/MICB described earlier. In addition, the induction of miRNA expression upon stress might partly explain the phenomenon of ''stress hardening,'' in which the tolerance of a particular stress increases after preconditioning with low doses, or ''cross-tolerance,'' in which preconditioning of one stress increases tolerance of another stress (Kultz, 2005) . Due to the long half-lives of miRNAs, their sustained presence from the previous round of stress potentially allows certain miRNA-mediated gene regulation to be already in place to tackle future assaults.
Small Effect of miRNAs Writ Large during Stress?
A common conundrum in the miRNA field is how such subtle effects (2-fold) mediated by miRNAs can be important for physiology. Yet, inactivation of the key processing enzyme Dicer Molecular Cell 40, October 22, 2010 ª2010 Elsevier Inc. 209
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Review clearly indicates that miRNAs are important for a wide array of biological processes (Bushati and Cohen, 2007) , and apparently normal single miRNA mutants exhibit phenotypic crisis in stress conditions van Rooij et al., 2007; Xu et al., 2003) . The manifestation of phenotypes upon subtle changes in gene dosage caused by the loss of particular miRNAs upon stress, but not in normal conditions, is reminiscent of the phenomenon of haploinsufficiency observed in yeast upon stress. Only 3% of heterozygous yeast mutants exhibit growth phenotypes in nutrient-rich media, but 66% of them display a growth or fitness defect in at least one condition of chemical or environmental stress (Hillenmeyer et al., 2008) . Clinically, inactivation of one allele of certain genes in humans and mice can lead to cancers or other pathological conditions (Seidman and Seidman, 2002) . Thus, in an analogous fashion, a 2-fold change in the mRNA target expression due to a loss of a particular miRNA could also be important for physiology in animals. The question is which mRNA targets are sensitive to such changes in concentration.
Based on observations in the literature, two particular classes of proteins are particularly sensitive to changes in concentration, where such changes can result in profound physiological effects during stress-transcription factors and signaling molecules. A change in the expression of transcription factors defines a new pattern of miRNA and mRNA expressions during stress. p53 defines a new gene circuitry with new miRNA and mRNA expression patterns upon DNA damage to promote growth arrest and apoptosis. On the other hand, overexpression of mRNA target mimics (Mt4-TPS1) or mRNA targets (MICA/MICB) results in an escape from miRNA suppression (Franco-Zorrilla et al., 2007; Stern-Ginossar et al., 2008) . Since many transcription factors regulate the expression of both miRNAs and their mRNA targets (Tsang et al., 2007) , we anticipate that the interplay among transcription factors, miRNAs, and their mRNA targets can potentially generate different types of expression timing patterns (Figure 4) . For example, a transcription factor can activate the transcription of both miRNAs and their mRNA targets. Initially, the level of miRNAs is not high enough to exert its suppressive As a result, a pulse of mRNA target expression is observed. These different timing patterns including pulses, lags, and varied forms of decreases are indeed commonly observed in gene expression responses of human cells to various stress states at mRNA levels (Murray et al., 2004) .
The other ideal mRNA targets are signaling complexes. They are highly dynamic and nonstoichiometric in nature, thus making them particularly sensitive to changes in concentration of their components (reviewed in Inui et al., 2010) . In fact, miRNAs play instrumental roles in mediating stress responses through components at all tiers of signaling pathways, from sensors to transducers to effectors. For example, in zebrafish, miR-8 represses the expression of a membrane-bound component NHERF1, which links extracellular sensing to actin cytoskeleton rearrangement, and, as a result, regulates Na + /H + exchange activity upon osmotic stress (Flynt et al., 2009) . Upon hypoxia, miR-210 is upregulated and targets iron-sulfur cluster assembly proteins ISCU1/2 that are critical for electron transport and mitochondrial oxidation/reduction, thereby shutting down the aerobic mitochondrial functions and switching the hypoxic cells to anaerobic metabolism (Chan et al., 2009 ). Thus, the subtle changes in the protein concentrations at these key nodes of signaling cascades allow miRNAs to transmit information in a timely manner and reconfigure cellular decisions.
Other Potential Modes of Modulation of miRNA Activities upon Stress
Summarizing observations highlighted in previous sections, the functions of miRNAs during stress can be modulated by four factors: (1) the level of miRNAs, (2) the level of mRNA targets, (3) the activity, or (4) the mode of action of miRNA-protein complexes ( Figure 5 ). The changes in these factors are regulated by various signaling pathways. The level of miRNAs can be modulated at the transcription and/or processing level by stress-induced factors like p53 or NF-kB. In addition, the level of miRNAs is also determined by their half-lives. In most cases examined, miRNAs are relatively stable (e.g., half-life of 12 days in vivo [van Rooij et al., 2007] ). However, increasing evidence suggests that the stabilities of subsets of miRNAs are subjected to regulation. For example, the decay of host miR-27 is triggered by herpesvirus infection (Cazalla et al., 2010) , the turnover of miR-183/96/182 clusters, miR-204 and miR-201 is accelerated in dark-adapted retina (Krol et al., 2010) , and the level of miR-125b decreases upon DNA damage (Le et al., 2009) . Though the molecular mechanisms involved remain to be dissected, emerging data suggest that the specificity might lie at the 3 0 end of the miRNAs (Ameres et al., 2010; Cazalla et al., 2010) , and several enzymes/cofactors have been implicated (Kai and Pasquinelli, 2010) . Therefore, the long halflives of miRNAs and thus their suppressive activity could provide a stable memory of a cell state or, when certain miRNAs are degraded, the ability to ''forget'' the cell state. Changes in the expression or stability of the cellular miRNAs upon stress could thus alter the homeostasis to a new cell state.
The level and species of miRNAs expressed during stress in turn determine the specificity of mRNA targets. Friedman and colleagues estimated that 70% of mRNA targets contain multiple binding sites for different miRNAs and on average approximately four different conserved sites per target (Friedman et al., 2009) . Such binding site architecture implies that expression of the mRNA target is likely to be under combinatorial control of multiple miRNAs (Krek et al., 2005) . The repression effect of individual binding sites is additive and can be cooperative when sites are nearby (Doench et al., 2003; Krek et al., 2005) . Potentially, some of these sites could be considered as ''stress'' control elements that would only affect the target expression under stress conditions when specific miRNAs are expressed ( Figure 5A ).
Apart from changes in the absolute amounts of miRNAs and mRNA targets, the availability and nature of a particular miRNA binding site can also be altered by RNA editing, alternative splicing, or the use of alternative polyadenylation sitesprocesses that are known to be regulated by changes in cellular status or environment (Biamonti and Caceres, 2009; Farajollahi and Maas, 2010; Neilson and Sandberg, 2010) (Figure 5B ). In addition, it has become increasingly evident that miRNA binding sites, although commonly discovered and examined in the 3 0 untranslated regions, can also be present in the coding sequences (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010) . In particular, these miRNA binding sites can be located near sites containing rare codons (Hafner et al., 2010) . Therefore, miRNA accessibility to those binding sites might be sensitive to the level of tRNA charging, which is commonly altered during stress (e.g., Zaborske et al., 2009 ). The miRNA function can be modulated at multiple levels by changing (A) the level of mature miRNAs, (B) the level of mRNA targets, (C) the activity of miRNAprotein complex, and (D) the mode of action of miRNA-protein complex. (A) Shown is an mRNA target that has three binding sites for three different miRNAs. In normal condition, the target is repressed by miRNAs A and B. Upon stress, expression of mRNA target decreases if the level of miRNA C increases (hence three sites are bound by miRNAs); alternatively, the expression increases if the level of miRNA B decreases (only one site is bound). (B) The expression of mRNA targets (black) increases if the expression of mRNA target mimics (green) increases upon stress. These mimics compete with the same miRNAs as mRNA targets, thereby causing a relief in the repression of mRNA targets (''Target mimicry''). Alternatively, upon stress, cells could express different isoforms of the mRNA targets where miRNA binding sites could be created or deleted. (C) A change in the activity of miRNA-protein complex upon stress could be a result of posttranslational modifications of components in the complex, direct association with other stress-specific cofactors, activation/repression from adjacent RNA-binding proteins bound on the same mRNA targets, or sequestration to specific subcellular locales, such as stress granules or P bodies. (D) Stress might alter the balance between the two major modes of action of miRNA-protein complexes: accelerating mRNA decay or inhibiting translation. Note that mRNA degradation is irreversible by nature and, hence, tipping toward this mode of action upon stress could potentially alter the composition of the transcriptome.
The activity of miRNA-protein complexes is another determinant of miRNA function that is regulated by signaling pathways in response to environmental cues ( Figure 5C ). The activity of the complexes can be modulated by its direct association with a stress-sensing chaperone Hsp90 (Johnston et al., 2010; Pare et al., 2009) , or by posttranslational modifications of individual components (Heo and Kim, 2009) . For example, the core miRNA binding protein Argonaute has been shown to be modified by different posttranslational modifications, including phosphorylation by p38 MAP kinase pathway (Zeng et al., 2008) and proline hydroxylation (Qi et al., 2008) , whose enzymes are upregulated upon hypoxia. Alternatively, the miRNA processing complex or the miRNA-protein complex itself can contain components that sense the environment. For example, Drosha cofactor DGCR8 is a heme-binding protein, and heme binding stimulates Drosha-DGCR8 activity in vitro, suggesting a potential connection between miRNA processing and a heme-regulated, oxygensensing signaling cascade in vivo (Faller et al., 2007) .
Finally, miRNAs have two major modes of action: accelerating decay and/or inhibiting translation of their mRNA targets (Bushati and Cohen, 2007; Carthew and Sontheimer, 2009; Fabian et al., 2010) . Yet, the consequences for mRNA targets are very different: mRNA degradation results in an irreversible removal from the transcriptome, whereas the level of mRNA targets can remain constant upon inhibition of translation. Depending on which mode of action is taken, miRNAs can effectively mold the composition of the transcriptome upon stress. It has recently been shown in worms that the repression of lin-14 by miRNA lin-4 at mRNA level is alleviated upon nutrient deprivation while its suppressive effect at protein level remains unchanged (Holtz and Pasquinelli, 2009 ). Therefore, it will be of interest to determine whether other stresses or miRNA/mRNA target pairs favor one mode of miRNA action over the other ( Figure 5D ).
Diseases and Potential Therapeutics
Organisms face constantly changing environments in the wild, including fluctuations in temperature and limited availability of food and water; on the other hand, modern humans in the developed world face the other extreme, such as excess nutrients, new dietary components, and a lack of physical activity. In either case, homeostasis is achieved through biological processes associated with stress responses. When the system cannot cope with these challenges, homeostasis breaks down, which can result in diseases such as cancers, diabetes, neurodegenerative disorders, cardiovascular diseases, viral infections, and many others. In some of these cases, homeostasis can be mediated via miRNAs. For example, herpes simplex virus 1 expresses its own set of miRNAs that downregulate viral immediate-early proteins to lie dormant in the trigeminal nerve of the face (Umbach et al., 2008) . However, upon excessive sunlight, fever, or other stress, such miRNA-mediated homeostasis is broken down and results in cold sores. In this section, we will further describe how dysregulation of miRNA expression and activity can contribute to stress-related chronic diseases, using cancer as a model for discussion.
As tumor cells grow, they must be highly adaptive to a dynamic microenvironment, avoiding host immune system detection, proliferating, surviving, and, in some cases, metastasizing (Hanahan and Weinberg, 2000; Kroemer and Pouyssegur, 2008; Luo et al., 2009) . To do so, cancer cells usually subvert normal physiological processes, such as proliferation, apoptosis, metabolic pathways, and stress responses, many of which are regulated by miRNAs. One obvious way to take away such controls in cancer cells is to reduce the total amount of miRNAs and/or mutate key components of the miRNA pathways, including Dicer and Argonaute family members. Indeed, such reductions and mutations are commonly observed in tumors (Esquela-Kerscher and Slack, 2006; Kumar et al., 2007; Lu et al., 2005) . Take the positive feedback loop involving let-7 and IL-6 as an example ( Figure 3B ): a reduction of let-7 level, which is commonly observed in tumors (Esquela-Kerscher and Slack, 2006; Kumar et al., 2008; Lu et al., 2005) , lowers the threshold of extracellular IL-6 that is required to trigger cancer cell transformation (Iliopoulos et al., 2009 ). On the other hand, certain miRNAs are commonly upregulated in cancer cells (Calin and Croce, 2006) . For example, metastatic tumor cells can potentially avoid immune recognition by upregulating miRNAs (including miR-373 and miR-502c) that repress the stressinduced ligands MICA/MICB, which serve as extracellular signals for elimination by natural killer cells or T lympocytes (Huang et al., 2008; Stern-Ginossar et al., 2008) .
One other recently established hallmark of cancer is the presence of stress phenotypes (Luo et al., 2009 ). These stress phenotypes, including those resulting from DNA damage/replication stress, proteotoxic stress, mitotic stress, metabolic stress, and oxidative stress, may not be responsible for initiating tumorigenesis. Instead, cancer cells develop tolerance to these stresses, and, in turn, become dependent on stress response pathways to maintain their growth and survival. Dependency on these stress response pathways regulated by miRNAs thus provides new avenues for therapeutic intervention by modulating miRNA levels or activities.
One advantage of using miRNAs as therapeutic targets is that they often regulate multiple mRNA targets that belong to the same signaling pathway or protein complexes at the same time (Tsang et al., 2010) . The key is to identify which miRNAs and which targets are involved in each particular disease. Highthroughput biochemical techniques have been developed to identify endogenous mRNA targets (Chi et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010) . The identification of certain miRNAs that act as enforcers of a new gene expression program might allow the use of a relatively small amount of a miRNA mimic to trigger an amplification cycle within a specific positive feedback loop. There are ongoing efforts to deliver miRNA mimics or perfectly complementary ''antagomir'' inhibitors to increase or decrease, respectively, the levels of specific miRNAs in vivo. An antagomir against miR-122 has been demonstrated in animals to lower hepatitis C virus replication levels and cholesterol levels (Elmen et al., 2008; Krutzfeldt et al., 2005; Lanford et al., 2010) . In cases where a specific miRNA-mRNA target interaction should be modulated, short oligos termed ''target protectors'' have been successfully applied in mammalian cells and zebrafish (e.g., Choi et al., 2007) . The idea of a target protector is that a single-strand oligonucleotide could specifically interfere with the interaction of a miRNA with a single target while leaving the regulation of other targets of the same miRNA unaffected.
Alternatively, multiple signaling molecules in stress responses modulate the transcription, processing, and stability of miRNAs. These provide further avenues for modulating the miRNA pathway. For example, a small molecule has been identified from a pilot screen for positive modulators of miRNA processing (Shan et al., 2008) . This raises the possibility of restoring the global miRNA level in cancer cells to a level similar to their normal counterparts. As our understanding of these fundamental processes deepens, therapeutic possibilities will continue to rise.
Conclusions and Perspectives
Our current understanding of miRNA pathways is mostly based on experiments performed under standardized laboratory ''normal'' conditions. However, by doing so, we might be overlooking the ''normal'' function of miRNAs in stressful conditions that cells commonly face. For example, endothelial cells are constantly under exposure to shear stress, epidermal cells to varying light and temperature levels, and transitional epithelial cells to fluctuations in pH and osmotic pressures. When these cells fail to adapt, pathological conditions arise. Yet, miRNA functions in stress responses are not just restricted to pathological conditions; instead, these stress-mediated functions are actually parts of the natural physiological processes taking place in multicellular organisms every day.
Currently, there are only a handful of observations in the literature, which are likely to be the first of many examples to be discovered, concerning the roles of miRNAs in stress responses and how stress modulates miRNA activities. Multiple studies have shown that miRNA mutant animals appear normal and viable until subjected to stress. miRNAs can behave as temporal agents to control a process over time or to set a threshold in determining when target gene expression becomes sufficiently strong to signal a transition. miRNA functions can be modulated at multiple, distinct steps by various signaling pathways. Depending on where miRNAs are embedded in the gene regulatory network, they can either function to restore homeostasis or to enforce a new program, allowing cells to adapt to the new environment until conditions change yet again. Together, this emerging evidence clearly indicates that miRNAs play indispensable roles in stress responses. Yet, in many of these cases, the molecular mechanisms remain unclear and should be investigated further to elucidate these fundamental roles of miRNAs in controlling mRNA regulation during stress.
